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What was accomplished under these goals?

For this reporting period describe: 1) major activities; 2) specific objectives; 3) significant results, including major findings, developments, or conclusions (both positive and negative); and 4) key outcomes or other achievements. Include a discussion of stated goals not met. As the project progresses, the emphasis in reporting in this section should shift from reporting activities to reporting accomplishments.
Progress toward achieving our research objectives as specified in our statement of work is complete, and some directions have been taken beyond the SOW (e.g., simulation and modeling work, measurements to understand active in DT generator tagged interrogation of DU) to better understand application to DTRA detection priorities.
In the first three years of the program (while our annual budget was the largest), we worked with Oak Ridge National Laboratory to fabricate 123 glass samples. Several families of glass formers were investigated, and some large samples were fabricated. We performed optical and physical characterization of these samples. Most of them were optically transparent, non--hygroscopic, and durable for handling and mounting to a photosensor. We also characterized the samples with isotopic sources in order to understand their response to gammas and neutrons. Three peer--reviewed publications were written about this work, each of them published in 2013. This year, in work that we are nearly done preparing for publication, we compared measurements of fission gammas in same--size glasses to determine the desirable material properties of glasses. We found that both low optical absorption edge and high density are necessary in order to yield the highest detection efficiency for counting Cf--252 fission gammas. It is important for the dense glass to have a low optical absorption edge so that enough optical photons are generated and collected to, in turn, generate enough photoelectrons (above the electronic threshold) in the photosensor so that a count is registered. The glasses that we fabricated in this program are still less efficient for fission gammas than the PbF 2 single crystal (7.77 g/cm 3 , absorption edge of 290 nm) that represented our standard of comparison in that study because we did not make any glasses that exceeded 6 g/cm 3 , and our optical absorption edge tended to increase along with the increases in density afforded by loading compounds like PbO and bismuth compounds. In our materials discovery program, our lowest absorption absorption edges (<250 nm) were achieved for glasses with densities < 3.5 g/cm 3 . Thus, it remains to be seen whether Cherenkov glasses are capable of exceeding the detection performance of single crystal PbF 2 when one considers fission gamma sensing. In any case, Cherenkov glasses are much more dense than plastic scintillators (~1 g/cm 3 ), so they should certainly exceed their efficiency for sensing fission gamma rays.
During the course of the project, we made three measurement campaigns at the Idaho Accelerator Center (IAC) to characterize Cherenkov glass samples with LINAC beams from 6--40 MeV (using pulse widths as short at 50 ps), to understand Cherenkov glass detector sensing capabilities in the prompt regime, and to understand sources of active background-also in the prompt regime-in said measurements. Two peer--reviewed publications came out in 2014 about this work, and one more regarding our moderate to high Z 'gamma LIDAR' investigation is under review. Beyond the IAC measurements, we also added to the SOW by including tagged DT interrogation measurements in an effort to understand the prompt response and active background observed in this case. In order to understand our interrogation measurements (short pulse x--ray Linac and DT), we have used detailed MCNP simulations of the accelerator, targets, and detector assembly. Modeling and data analysis of experiments at the IAC is complete. By comparing simulations and measurements we have a good understanding of the mix of prompt fission gammas and prompt active background radiations that we are observing in coincidence with the prompt flash striking a target of depleted uranium (fissionable, high Z) or lead (non--fissionable, high Z). In particular, the prompt active background coincident with 3 prompt gammas contains a substantial flux of 1) annihilation radiation from pair production in the target, 2) secondary bremsstrahlung radiation from the charged particles produced by all photo--interactions in the target, and 3) Rayleigh scattering of energetic gammas including gammas produced from 1 and 2. While the intrinsic Cherenkov threshold may discriminate against detection of individual 511 keV gammas rather well because they tend to produce very few photons when they do interact, note that the annihilation radiation yield from any photo--induced 'radiation flash' in a high Z target produces many annihilation gammas that may hit a single detector in coincidence. A thin filter (e.g., 15 mm of Pb) in front of the Cherenkov glass sensor helps to reduce this large 511 keV flux. Yet, even when strict timing cuts and energy thresholds 1 are employed, any method to sense prompt fission gammas induced by photofission in Cherenkov glass detectors must rely on the ability to detect statistically larger quantities of Cherenkov light, observed, for example as integrated charge per pulse in a PMT, above what would be produced by the prompt active background due to a particular target. Results from our MCNP simulations suggest that the fraction of prompt fission gammas sensed per prompt active background gamma is less than 1 in 10 after timing and energy cuts. This study is documented in our peer--reviewed paper called "Investigation of active background from photofission in depleted uranium using Cherenkov detectors and gamma ray time--of--flight analysis." Although the prompt fission gammas from photofission cannot be sensed due to the more intense gamma background, perhaps our ongoing analysis with the tagged DT source will suggest that the case is different in neutron interrogation.
This project has educated 7 University of Tennessee graduate students (1 full time), 7 undergraduate students, and 3 postdocs who have participated in research. Six graduate students supported at least in part by this project completed their M.S. degrees in Nuclear Engineering. Five students who have received some support from this project are still pursuing Ph.D. degrees. Knowledge from research outcomes has been integrated into University of Tennessee nuclear security science graduate coursework in one course, as described below.
Additionally, five invention disclosures related to this project work were submitted to the University of Tennessee; unfortunately, since the government was expected to be the main customer for each area, the University chosen to pursue none of them for patenting.
Next, the significant results from each of our peer--reviewed publications, in order, are listed below. After that, the significant results from papers under review or in preparation are listed. In this paper, counting measurements of low--energy gammas incident from isotopic sources upon representative Cherenkov glass detectors were reported. The glass samples, only 7-15 mm thick, have a low efficiency for gamma ray detection. Efficiency for high--energy photons was found to be mainly affected by traditional attributes such as density, Z eff , and size. Absolute counting measurements of low energy gamma--ray sources with Cherenkov glass detectors having a PMT readout were found to be complicated by the bias--dependent response of the PMT both to radiation background and the isotopic 4 source being measured. Since the distributions of photoelectron observables tend to peak at the single photoelectron level, light collection efficiency considerations affect the absolute count rate when measuring low energy photons from isotopic sources. In the presence of an isotopic source, a net response was determined by making a counting measurement, then subtracting a measurement using the same setup, where the Cherenkov light produced from the glass sample was blocked. The pulse height response from gamma ray interactions was found to be not very well separated from the noise and background, but separation was found to improve for higher energy gamma sources which tend to deposit more energy, producing more Cherenkov light per event. A difference in pulse height response (compared to gamma background) was observed in measurements of a moderated PuBe source. Improved light collection efficiency is also expected to produce a shift in the pulse height distribution, moving the measured distribution away from one photoelectron. An analysis of the simulation results was used to facilitate the interpretation of measured results. This work discussed the behavior of monolithic Cherenkov glass detectors in the context of their use with isotopic gamma--ray sources. Although thin Cherenkov glass detectors with conventional PMT readout are not useful for high efficiency detection of low--energy gamma--rays because the signal is buried in the dark noise, this characterization sets the groundwork to evaluate large Cherenkov glass detector systems for sensitivity to MeV photons and specificity against passive or active backgrounds, i.e., radiation backgrounds where an interrogating source is absent or present, respectively. Non--scintillating glasses are expected to be capable of detecting MeV photons at high event rates with a time response of 100 ps. High efficiency detection of MeV photons requires large glass volumes that are several cm thick. Selective detection of MeV photons requires that the photoelectron yield is maximized so that a threshold can be applied to discriminate against background radiations. High photoelectron yield also allows one to deduce the deposited energy. The energy of incident gamma rays can be best inferred in the case that the detector's volume is sufficiently large so that any interaction in the glass sample is very likely to result in full energy deposition. Simulations of single glass layers suggest that the mean number of photoelectrons will remain high when layers of thickness 1--3 cm are stacked, resulting in lower photon loss compared to very thick single layers. The photoelectron yield is improved through use of glasses with high transparency in the UV and photosensors with a matching spectral response. Reflecting the glass detector is important for improved photoelectron production in layered detectors, but it degrades timing performance. The efficiency of glass Cherenkov detectors for MeV photons from SNM can potentially be greater than for use of plastic scintillators or water Cherenkov detectors, based upon the fact that density and Z eff can be substantially higher in glasses compared with plastic or water. In this paper, the neutron response of selected, optically clear Cherenkov glasses was investigated via time--dependent counting measurements and high--resolution gamma spectroscopy of beta and/or gamma activation products. Glasses that respond well to neutron activation could be used in place of activation foils. Glasses designed for specificity to MeV photon detection should ideally not respond to neutron irradiation. This research suggests that glass constituents with low thermal neutron capture probabilities, containing isotopes with low abundances, producing long half--life activation products with low gamma and beta energies are good candidates to use when attempting to minimize the response to thermal neutrons. A lithium lead phosphate glass and a calcium lead phosphate glass reported in this paper was the least responsive to neutron irradiation. A new method based on the fall time difference between the electronic noise and the real signal for the calibration of PMT single photon response is proposed and validated with experiments. With this method, the electronic noise and the real signals can be separated, except for a few percent of very small signals heavily influenced by the electronic noise. Using a convolution based on an integral transform, even these small signals can also be separated very well. This method allows us to calibrate low gain PMTs without the interference of electronic noise, so higher precision can be expected. One application that this method allows is for us to explore the energy relationship for gamma sensing in Cherenkov radiators while maintaining the fastest possible time--of--flight response in 51--mm PMTs (i.e., with the H10570 PMT) and high dynamic range. Prompt gammas from induced fission (~7/fission) could potentially be a valuable fission signature to use for detection of SNM like HEU. Detectability requires an understanding of both signal and background, and the background from dense, high Z SNM like HEU has been investigated in this work by using DU as a surrogate. In order to study the prompt gamma signature and associated active backgrounds from SNM induced through photofission, especially in the context of standoff detection, a combination of measurements using the IAC 44 MeV LINAC and MCNPX simulations were used. In particular, we showed the prompt, time--gated glass Cherenkov detector response to gamma emissions resulting from short pulse 6, 10, and 25 MeV bremsstrahlung beams incident on a DU target. The last time response of the system (CRT of 93 ps FWHM) allowed prompt emissions from the target to be selected for analysis using gamma ray time--of--flight. As the beam energy increases, the combination of active background and fission gamma rays observed from each flash on the target by the Cherenkov glass detector become more significant. Additionally, a relationship between beam energy, energy deposition, and the recorded photoelectron frequency distributions in Cherenkov glass detectors was observed. In order of prominence, MCNPX simulations showed that secondary bremsstrahlung, annihilation, Compton scattering, and coherent scattering are all significant contributors to the background that is coincident with prompt gammas. Furthermore, the high likelihood of multiple photon interactions occurring in the target increases the background observed at a back angle. Increasing the Cherenkov detector threshold is expected to reduce the contribution from annihilation gammas. However, considering any threshold used with the Cherenkov detectors, the prompt fission gamma signal from depleted uranium is buried in the active background from the interrogating photon source. From these results, it appears that the time--gated Cherenkov detector measurements described here are not appropriate for sensitive detection of a prompt fission gamma signal in a depleted uranium target. On the other hand, one may expect that the active background may have some specificity to the target material and geometry. The response of a gamma ray LIDAR system to different moderate and high Z target materials and thicknesses was investigated. The system consisted of a fast pulse (~50 ps) LINAC and a Cherenkov detector. The sub--100 ps timing resolution allowed the system to achieve 3 cm depth resolving ability. The long lifetime of positrons produced through the annihilation process in targets, such as 110 ps in iron and 194 ps in lead, worsen the depth resolving ability of the detection system. Thus, a higher threshold is desirable to mitigate this influence. Because the intrinsic energy threshold of the Cherenkov detector is 340.7 keV, low energy Compton scattering gammas in the experimental reference frame are not registered by the detector. Thus, only annihilation and high energy secondary bremsstrahlung gammas with a Z 2 or higher order dependence are recorded by the detector, which increases the system material or Z resolving capability compared with detection systems which are sensitive to Compton scattering gammas, which depend on Z. Due to this advantage, a factor of five of gamma yield difference between iron targets and DU/lead targets has been observed for 20 MeV bremsstrahlung X--rays. In addition, experiments show that iron targets tend to produce less energetic gammas compared with lead and DU targets. Combining this with the gamma yields of targets, a better material resolving capability should be obtained. Furthermore, due to the self--shielding effect, simulations with MCNPX show that lead targets produce more gammas than DU targets when the target thicknesses are larger than 15 mm and 20 mm for 20 or 40 MeV bremsstrahlung X--rays, respectively. Experimental results for one--inch thick lead and DU targets at 20 MeV show consistency with simulation results. The experimental results with various charge per pulse in the range of 1 to 2.5 nC can yield a better separation between lead and DU targets in the same situation. Thus, in a given system, an optimized bremsstrahlung X--ray intensity is necessary to achieve the best resolving capability of materials (and their Zs). In summary, a suitable energy threshold of Cherenkov detectors and an optimal bremsstrahlung X--ray intensity are important. 7) B. Ayaz--Maierhafer, M.A. Laubach, J.P. Hayward, "Sensing of Cf--252 Fission Gamma Rays Using Same--Size Glass Detectors," being prepared for submission to NIM A.
The objective of this experimental work was to investigate the capabilities of same--size glass Cherenkov detectors to sense 252 Cf fission gammas through time--of--flight analysis. When it comes to fission gamma ray sensing, it is not straightforward how to determine the detection efficiency for Cherenkov glasses because it depends strongly on light collection efficiency. Eight same--size Cherenkov detectors were tested, including 7 glasses and one crystal, all of which were purchased from commercial sources. They were chosen to vary in density, refractive index and optical absorption. We studied the effects of absorption edge, density, and threshold energy on several same--size Cherenkov detectors to sense the fission gammas. From these results, it can concluded that the Cherenkov glasses should be dense and have a low optical absorption edge to sense fission gammas most efficiently. This is consistent with what has been observed for Cherenkov radiators used in high--energy physics to sense various types of electromagnetic radiation. During the five years of support, the project that helped to support the project participants in attending conferences-and sometimes short courses at conferences-and presenting at conferences including the IEEE Nuclear Science Symposia in Orlando, Knoxville, Spain, and South Korea; the SORMA conferences in Ann Arbor and Berkeley; and an Annual Materials Research Society meeting. Additionally, one postdoctoral researcher had the opportunity to attend an advanced MCNP workshop. An MCNP module was developed for a graduate course and delivered, and a Geant4 module was redeveloped and redelivered again for the same graduate course. A graduate level lecture was also created on "Radiation backgrounds or interferences relevant to nuclear security and safeguards measurements" and delivered in a graduate level nuclear engineering course, and another lecture on "SNM characteristics" was redeveloped to include signatures from active interrogation and delivered. These modules and lectures impacted 25 additional graduate students thus far.
What opportunities for training and professional development has the project provided?
Three undergraduate students and a postdoctoral researcher were trained to fabricate glass samples and optically and physically characterize these samples. Six graduate students, two postdoctoral researchers, and four undergraduate students were trained in methods in a radiation instrumentation laboratory used to characterize radiation detectors with gamma and neutron sources. Moreover, two graduate students and two postdoctoral researchers were trained in methods at an accelerator facility used to characterize radiation detectors with high energy x--rays. Researchers and students were also trained in MCNP and Geant4 modeling and analysis, as described above. Five peer--reviewed journal papers from work supported entirely by this project were published so far, and up to three more will be published in the coming months. The following paper is under review. Since it is not available online, a copy is included with this report. The following paper is in the final stages of preparation. A two page summary of this paper is included with this report.
How have the results been disseminated to communities of interest?
B. Ayaz--Maierhafer, M.A. Laubach, J.P. Hayward, "Sensing of Cf--252 Fission Gamma Rays Using Same--Size Glass Detectors," being prepared for submission to NIM A. 
Method and Experimental Setup
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In proof-of-concept experiments, the Idaho Accelerator Center ( IAC ) 44 MeV 25 fast pulse LINAC was employed to produce high-energy bremsstrahlung X-rays.
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The energies and pulse width of electrons used to produce bremsstrahlung X- This system has a coincidence resolving time of 93 ps FWHM [6] . Such a good 
Responses of Different Targets and Thicknesses
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The detector response to iron, lead, and DU of various thicknesses was in- 
Summary
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In summary, the response of a gamma ray LIDAR system to different mod- can yield a better separation between lead and DU targets in the same situations 165 with our setup. Thus, in a given system, an optimized bremsstrahlung X-ray 166 intensity is necessary to achieve a best resolving capability of materials or Zs.
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In conclusion, in term of best material or Z resolving capability, a suitable 168 energy threshold of Cherenkov detectors and an optimal bremsstrahlung X-ray 169 intensity are important.
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Sensing of Cf-252 fission gamma rays using same size glass Cherenkov detectors [1 -5] . Response to the interaction of typical low energy neutron or isotopic gamma sources yields from one to tens of photoelectrons in a photomultiplier tube. In a previous study, we demonstrated that glass Cherenkov detectors are able to sense induced fission gamma rays when a depleted uranium target was bombarded with MeV xrays produced by a Short Pulse Linear Accelerator [6] . Furthermore, we found that it sensed prompt active gamma background with greater frequency than prompt fission gammas from photofission.
When it comes to fission gamma ray sensing, it is not clear how the detection efficiency of glass detectors depends on particular properties of the glass such as its density and optical absorption edge. That is the subject of this work. Since Cherenkov detectors do not produce much light when gammas or neutrons interact (order of tens to hundreds of optical photons), light production and collection affects the observed detection efficiency.
Specifically, the objective of this experimental work was to investigate the capabilities of glass Cherenkov detectors to sense 252 Cf fission gammas and neutrons through time-of-flight (TOF) analysis. 252 Cf decays 96.91% of the time by alpha emission; spontaneous fission (SF) is the alternative decay mode in the remaining 3.09% of decay events. The spontaneous fission process leads to the prompt emission of fission neutrons and gamma rays. The prompt gamma rays from SF of 252 Cf are, on average, 0.87 MeV, with ~8 emitted per fission [7] .
Eight same-size Cherenkov detectors were tested, including 7 glasses and one crystal, all of which were purchased from commercial sources. They were chosen to vary in density, refractive index and optical absorption. One large glass detector fabricated by Oak Ridge National Laboratory (ORNL) and discussed in [3] [4] [5] was also included in the same set. The physical dimensions, density, refractive index (n), the fraction of the gammas stopped, the Cherenkov gamma threshold energy (E th_gamma ) and the optical absorption edge of the detectors are listed in Table I . The fraction of gammas stopped is calculated for the mean fission gamma energy using the total cross section. The intrinsic threshold is simply a function of the refractive index. The glass Cherenkov detectors include a fused silica glass (Corning 7980 ARF) and materials N-AF34, SF-57, N-LAK22, N-LAF7, N-SF11, N-SK5 (Schott catalog info given, compositions are proprietary). The ORNL glass is Magnesium Cesium Phosphate (abbreviated MgCs Phosphate), as described in [5] . The only crystal used was PbF 2 , a well known Cherenkov radiator. It was used become glasses so dense and transmissive are difficult to come by. The crystal used is the same size as the 7 glasses after polishing. For uniformity, all Cherenkov detectors were polished on both top and bottom but not the sides.
The experimental setup consisted of a 252 Cf ionization chamber irradiating a Cherenkov detector made from a Hamamatsu R2059 PMT with quartz window optically coupled to the glass. The glasses were wrapped in Teflon tape. The ion chamber serves to time tag the fission events. An electronic threshold was set to discriminate between alpha pulses and fission fragment pulses. An Aquiris DC282 digitizing system was set to collect data in the case of coincidence between the ionization chamber and the Cherenkov detector. The distance between the detector and the source was 27 cm. Since the time of flights for gammas and neutrons (endpoint energy for watt spectrum ~ 6 MeV) are 30 cm/ns and 3.4 cm/ns, respectively, this distance gives a clear separation between the gamma and neutrons through TOF analysis.
The digitized waveforms from the Cherenkov glass detectors were post processed to determine their integrated charge. Integrated charge distributions are a measure of the light produced and also of the deposited energy from gamma interactions. Fig. 1a shows the time-of-flight frequency distribution, and Fig. 1b shows the combined time-of-flight and integrated charge image (for 10,000 waveforms) for one of the glasses that had been tested. As seen from Fig. 1a , the response from the gamma rays is located in the first part of the TOF distribution (~15 ns), and the later arriving particles (after 20 ns) are either from scattered gamma rays from the walls or from inelastic neutron scattering in the glass detector. The count rates from direct fission gamma rays and neutrons/scattered gammas for each glass are given in Table I . The count rates from direct fission gamma ray sensing are 13-20 times higher than the count rates from the neutrons/scattered gammas.
Referring to Table I , the highest and the lowest count rates were obtained for PbF 2 and N-SF11, respectively. For same size detectors with surfaces treated identically, the absorption edge and the density both clearly have a significant impact on the fission gamma count rate. While the density dependence is largely intuitive 1 , the observed count rate dependence on optical absorption edge is particularly remarkable. For example, if we compare the N-LAF7 and N-LAK22 detector response, these two glasses have very similar densities (3.73 g/cm 3 and 3.77 g/cm 3 ), yet the count rate is two times of higher for N_LAK22 (1.03 cps) compared with N_LAF7 (0.5 cps). This is the case even though N_LAK22 has higher threshold energy (260 keV) than N-LAF7 (233 keV), so it should produce less total Cherenkov light. Yet, the lower optical absorption edge of N-LAK22 compared with N-LAF7 (326 nm versus 379 nm, respectively) results in much greater transmission of the more abundant (∝1/λ 2 ) low wavelength (λ) Cherenkov photons. Consider that some minimum number of photoelectrons (e.g., 2) must be registered by the system to yield a count. This low absorption edge is clearly the reason that the fission gamma count rate is so much higher for the N-LAF7 glass detector compared with the N-LAK22 glass detector.
Another data point that shows the importance of the optical absorption edge is that from fused silica. The fused silica glass has the lowest density (2.2 g/cm 3 ) and the highest threshold energy (341 keV) of any detector in this study. Yet, since the absorption edge is very low (190 nm), the count rate is higher than all of the following more dense glasses which have higher absorption edges: N-SF11, NSK-5, N-LAF7, N-LAF34, SF-57. In fact, the only glass detector in this set with a higher count rate than fused silica is N-LAK22, which has a density of 3.77 g/cm 3 and a low absorption edge of 326 nm. Referring to Table I , if we compare two same-size Cherenkov detector that have similar absorption edges and threshold energies, for example N-SF11 (absorption edge =383 nm, threshold energy =227 keV) and SF-57 (absorption edge =379 nm, threshold energy =212 keV), the fission gamma count rate is higher for SF-57 (0.62 cps) compared to N-SF11 (0.38 cps) because SF-57 has much higher density. Clearly, this increase count rate is due to a higher total cross section, resulting in a higher probability of stopped gamma rays. At 0.87 MeV, the chance of a gamma ray stopping in the SF-57 is 26% higher.
Cherenkov detectors for fission gamma sensing should be dense and have a low optical absorption edge. This is consistent with what has been observed for Cherenkov radiators used in high energy physics to sense various types of electromagnetic radiation. 
